Illusory contours (ICs) are boundaries that are perceived between regions that, in fact, do not differ in color, luminance, or depth, so that there is no physical correlate to the perception. For example, in the Kanizsa triangle ( Figure 1A ), a white triangle appears to occlude three black disks even though all that is physically present are three sectored disks ("pacmen") . Similarly, in ICs based on offset-gratings ( Figure 1B ), two line patterns are shifted against each other along an apparent contour. Finally, the Ehrenstein illusion ( Figure 1C ) creates the impression of a white disk occluding a star-shaped pattern of black lines, even though no disk is actually present. We will refer to the physically present stimuli (the pacmen, gratings, and lines) that give rise to the ICs as "inducers".
Over the last decades, there has been debate as to whether ICs arise from fast, automatic visual processing or require extensive cognitive processing. Most studies looking at measures of neuronal activation found evidence of IC signaling at short latencies and in early visual areas. For example, some neurons in area V2 of awake monkeys respond to ICs even if the inducers remain outside their receptive fields (von der Heydt, Peterhans, & Baumgartner, 1984) , at latencies that are only marginally longer than those for real contours (77 ms compared to 67 ms; von der Heydt & . Other electrophysiology studies even found IC-sensitive neurons in area V1 (Grosof, Shapley, & Hawken, 1993; Ramsden, Hung, & Roe, 2001; Sheth, Sharma, Rao, & Sur, 1996) , although the proportion of neurons responding to ICs was much larger in V2. It is interesting to note that there is evidence that these V1 neurons respond at least 30 ms after those in V2, which suggests that the V1 responses are due to feedback from V2 (Lee & Nguyen, 2001) . Consistent with the time estimates from animal data, visually evoked potentials signaling ICs are found in humans as early as 70 to 100 ms after IC onset (Brodeur et al., 2008) . A number of imaging studies have also demonstrated effects of ICs in a number of visual areas, including V1 and V2 (ffytche & Zeki, 1996; Maertens & Pollmann, 2005; Maertens, Pollmann, Hanke, Mildner, & Möller, 2008; Montaser-Kouhsari, Landy, Heeger, & Larsson, 2007; Seghier et al., 2000) , although the effects were usually stronger in higher-tier visual areas. However, due to the poor temporal resolution of most imaging methods, these studies are often inconclusive with regard to the question of whether IC signaling in early visual areas requires feedback from hierarchically higher areas, although evidence from a study combining fMRI with high-density electrical mapping and source analysis points in that direction (Murray et al., 2002) .
These findings are seemingly at odds with those classical theories that regard the perception of ICs as a "cognitive solution" to the stimulus input, arising from high-level inferential processes requiring conscious effort (e.g., Gregory, 1972; Kanizsa, 1955 Kanizsa, , 1979 Rock & Anson, 1979) . A number of behavioral studies support this view. For example, Reynolds (1981) investigated the temporal development of IC perception using a backward-masking paradigm on a modified Kanizsa triangle stimulus (three black pacman inducers in front of a brick-wall background pattern). If the stimulus was followed by a mask at short stimulus-onset asynchronies (SOAs), participants clearly perceived the inducers, but did not see an illusory triangle. With increasing SOA, more observers reported seeing the triangle, and at SOAs between 100 ms and 200 ms nearly all observers could see it. However, if the SOA was further increased, the number of participants who reported an illusory triangle decreased again, and at SOAs larger than 300 ms nobody saw a triangle. These results, Reynolds argued, support the "cognitive solution" theory: At short SOAs, the triangle is not perceived because by the time the hypothesis of an occluding triangle has been developed, the stimulus is gone and the hypothesis cannot be confirmed. If the SOA is longer, there is just enough time to confirm the triangle hypothesis before the stimulus is masked. However, at even longer SOAs it becomes apparent that the hypothesis of an opaque triangle conflicts with the visibility of the background brick pattern, and the hypothesis is rejected once again. From these findings, it seems that inducers have to be presented unmasked for at least 100 ms for an IC to be perceived. Another study (Ringach & Shapley, 1996) even suggested that backward masks presented as late as 300 ms after the inducers interfere with the perception of Kanizsa squares.
Similarly, Wang and Idesawa (2008) reported that it took about 220 ms until subjects consistently perceived an illusory surface in a Poggendorff configuration. A recent study using interocular continuous flash suppression to selectively mask the inducers of a Kanizsa triangle concluded that participants have to be aware of the inducers in order to perceive an IC (Harris, Schwarzkopf, Song, Bahrami, & Rees, 2011) . Finally, Fine et al. (2003) report a case study of a person who was unable to see contrast or shape between ages 3 and 43. After his vision was restored, the patient could recognize outline shapes but was unable to tell the same (now illusory) shape in a Kanizsa figure. Together, these studies indicate that the perception of ICs requires inducers being consciously visible and presented unmasked for a substantial time, and even suggest that it requires top-down influences based on visual experience rather than being an automatic bottom-up process.
On the other hand, there are also some behavioral studies supporting the assumption of fast, automatic processing of ICs. In visual search displays, Kanizsa figures induced by inward-facing pacmen (cf. Figure 1A ) "pop out" among other groups of similarly arranged pacmen that do not induce an illusory figure (Davis & Driver, 1994; Senkowski, Röttger, Grimm, Foxe, & Herrmann, 2005;  however, see Gurnsey, Poirier, & Gascon, 1996) , indicating that Kanizsa figures can be detected without focal attention in a preattentive, parallel search process (Treisman & Gelade, 1980) . This has also been demonstrated for ICs defined by offset-gratings (Gurnsey, Humphrey, & Kapitan, 1992) . Finally, lesion studies also suggest preattentive (and preconscious) formation of ICs. For instance, patients with unilateral parietal lesions are often not aware of stimuli presented in the contralesional visual hemifield when a stimulus is presented in the "good" ipsilesional hemifield. However, this "visual extinction" effect is significantly reduced when the stimuli in the contralesional hemifield form an illusory figure or contour with those in the ipsilesional hemifield (Conci et al., 2008; Mattingley, Davis, & Driver, 1997) . Given that the inducers in the "bad" hemifield would not normally be perceived, this indicates that they are grouped with those in the "good" hemifield without conscious effort, resulting in an illusory percept that then makes them accessible to awareness.
A plausible explanation for the seemingly contradicting findings from these two sets of behavioral studies is that the former set (based on visual masking experiments) requires judgments of conscious visibility of ICs, whereas the latter set (based on speeded motor responses in visual search experiments) does not. For this reason, we use a response priming paradigm (Klotz & Neumann, 1999; Klotz & Wolff, 1995; Vorberg, Mattler, Heinecke, Schmidt, & Schwarzbach, 2003) to investigate IC processing, which allows us to dissociate visuomotor priming effects from conscious perceptual judgments, enabling us to bridge the gap between behavioral studies that only measure one of the two in isolation.
Response Priming
In a typical response priming experiment, participants perform two different tasks on the same stimuli. In the target identification task (Target ID), they respond as quickly and accurately as possible to some feature of a target stimulus (e.g., indicating whether an arrow presented on a screen points to the left or right by pressing one of two buttons). The target stimulus is preceded by a prime stimulus which, if presented alone, would trigger either the same response as the target (consistent prime), or the opposite response (inconsistent prime). This prime is presented only briefly and then masked, either by an additional mask stimulus or by the target itself, so that the participant is often prevented from consciously perceiving the prime. This is later tested in a primeidentification task (Prime ID), in which participants are presented with the same trials as in the Target-ID task, but are now asked to respond, without time pressure, to the features of the prime.
The average response times in the Target-ID task often reveal a significant priming effect: Responses are faster on trials with consistent primes and slower on those with inconsistent primes. 
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The magnitude of the priming effect usually increases with primetarget SOA and has been shown to be independent of the visibility of the prime (as measured in the Prime-ID task). For example, the priming effect can increase with SOA regardless of whether the prime can be identified perfectly or not at all (Vorberg et al., 2003) , and regardless of whether Prime-ID performance increases or decreases with SOA (Vorberg et al., 2003 ; see also Albrecht, Klapötke, & Mattler, 2010; Mattler, 2003) .
Results from psychophysiological and imaging studies have shown that primes directly trigger the specific motor responses assigned to them, leading to elicitation of lateralized readiness potentials (Eimer & Schlaghecken, 1998; Leuthold & Kopp, 1998; Vath & Schmidt, 2007) and lateralized metabolic activity in motor areas (Dehaene et al., 1998) . Schmidt, Niehaus, and Nagel (2006) showed that participants' responses are initially controlled exclusively by the prime. These authors simultaneously presented one red and one green stimulus in diagonally opposite quadrants of a display, preceded by one red and one green prime at the same locations. Primes could either have the same colors as the targets (consistent primes), or prime colors could be switched compared to target colors (inconsistent primes). Participants were instructed to rest their finger at display center and, once the stimuli appeared, point as quickly as possible to the target with the appointed color. It is interesting to note that movements initially went into the direction specified by the primes, meaning that with inconsistent primes, the finger initially traveled into the wrong direction (Schmidt, 2002) . The duration of this detour was determined by the prime-target SOA. It is important that the early time course of the pointing trajectories was strictly time-locked to prime (not target) onset and independent of different masking conditions and prime-target SOAs, which indicates that early priming effects were based on visuomotor signals carrying only prime but no target information.
The authors proposed a rapid-chase theory of response priming ; also see Schmidt & Schmidt, 2009; Schmidt & Seydell, 2008; Vath & Schmidt, 2007; and Vorberg et al., 2003 , for a mathematical model), which assumes that prime and target signals are transmitted in strict succession by early feedforward waves of visuomotor processing (Bullier, 2001; Lamme & Roelfsema, 2000; Rousselet, Fabre-Thorpe, & Thorpe, 2002; Thorpe, Fize, & Marlot, 1996; VanRullen & Thorpe, 2002) , which are elicited in turn by primes and targets. Prime and target signals are able to directly trigger the motor responses assigned to them, with no need for conscious mediation (direct parameter specification, Neumann, 1990; Neumann & Klotz, 1994) . The prime signal reaches executive motor areas first, initiating a response and continuing to drive the response on its own. After a delay depending on the prime-target SOA, the target signal arrives and takes over response control from the prime. Priming effects increase with prime-target SOA because the prime has more time to drive the response on its own when the target is further delayed. Feedforward properties of such a system should show in the time course of the response: 1) Prime rather than target signals should determine the onset and initial direction of the response; 2) target signals should influence the response before it is completed; and 3) movement kinematics should initially depend on prime characteristics only and be independent of all target characteristics (rapidchase criteria, . Note that a system meeting the rapid-chase criteria is not guaranteed to be strictly feedbackfree (VanRullen & Koch, 2003) ; however, it is behaviorally indistinguishable from a pure feedforward system.
Overview of the Experiments
In this paper, we compare the processing dynamics of real and illusory contours with respect to three crucial properties of response priming: independence of priming from visual awareness, characteristic time course of the effect, and characteristic properties of priming within the response time distribution. First, we show that priming effects are very similar in participants who can identify the masked illusory prime contour and in those who cannot, establishing that visual awareness is neither necessary nor sufficient for response priming by ICs (Experiment 1). Second, we show that response priming effects induced by IC primes on IC targets have a similar magnitude and time course as those induced by real contour (RC) primes on RC targets (Experiments 1-3), and that IC stimuli can prime RC stimuli (Experiment 2). This includes an important prediction from rapid-chase theory, namely that priming effects should be fully present even in the fastest response times (Experiments 1-3). Third, we demonstrate that response priming by ICs cannot be explained by priming from the real contours of the inducing elements (Experiment 3). Together, those results provide strong evidence against the view that the processing of illusory contours requires time-consuming cognitive processing.
Experiment 1

Method
Participants. Eight students from the University of Kaiserslautern (age 23 to 28, four male, one left-handed, all with normal or corrected vision) participated for payment after giving informed consent.
Apparatus. The experiment was run on a personal computer with an Intel Pentium 4 processor. Stimuli were presented on an Iiyama S900MT1 color monitor (viewing diagonal 40 cm, refresh rate 85 Hz) at a viewing distance of approximately 70 cm in a dimly lit room. Participants responded on a standard keyboard. Stimulus presentation and data collection were conducted with Presentation software (Neurobehavioral Systems, Version 9.20, www.neurobs.com).
Stimuli and general procedure. Primes as well as targets were square frames (primes 2.8 ϫ 2.8 cm; targets 3.5 ϫ 3.5 cm) containing a diagonal IC with upward or downward slope. Each IC was induced by vertical lines that were offset where crossed by the IC (Figure 2A ). At the beginning of each trial, the fixation cross appeared at screen center ( Figure 2B ). After a variable time (1211 ms minus SOA), a prime stimulus appeared for 12 ms either above or below the fixation point, followed again by the fixation screen. The target screen appeared at an SOA of 35, 59, 82, or 106 ms after prime onset. Time from fixation to target was constant at 1211 ms. To manipulate prime visibility, in half of the trials the target screen was immediately preceded by a 12-ms pattern mask of the same size and in the same location as the prime, whereas no mask occurred in the remaining trials. The target screen consisted of a target stimulus (containing an IC), presented 17.5 mm above or below screen center, and a nontarget (containing only inducers, but no IC) in the opposite location (17.5 mm below or above screen 3 RESPONSE ACTIVATION BY ILLUSORY CONTOURS center). Choosing target location randomly on each trial, making the target stimulus larger than the prime, and presenting it in a different location than the prime minimized prime-target interactions, and the nontarget covered the part of the prime location that was not covered by the target, thus leading to equal masking for all parts of the prime.
In consistent trials, the orientation of the IC in prime and target was the same; in inconsistent trials, the line in the prime sloped upward but that in the target sloped downward (or vice versa). The target screen remained until the participant had responded, and the response immediately triggered the next trial.
Participants completed four 1-hr sessions, each containing 20 blocks consisting of 64 trials comprising all combinations of prime shape (upward or downward slope), target shape, SOA, mask type (no mask or mask) and target location (above or below fixation) in randomized order. In the first two sessions, participants performed a Target-ID task, designed to measure response priming, in which they responded as quickly and accurately as possible to the orientation of the IC within the target, using the "right arrow" and "left arrow" keys on the computer keyboard. The stimulus-response mapping was counterbalanced across participants. At the end of each block, participants received feedback about their mean response time and percentage of correct responses. In the third and fourth session, participants performed a Prime-ID task, designed to measure visual awareness for the prime, in which they were to guess without time pressure the shape of the prime, and at the end of each block received feedback about their accuracy. Each Prime-ID session started with an additional practice block in which stimuli were shown with prolonged presentation times and accuracy feedback was provided after each trial.
Data treatment and statistical methods. Response time was defined as the time interval from target onset to registered keypress. Practice blocks were discarded. Inspection of individual response times and error rates over the course of the Target-ID sessions revealed that one participant (Participant HH) made significantly more errors (more than 1/5 of all trials) than all other subjects and had implausibly short response times (faster than 100 ms) over stretches of several blocks, indicating that the participant was responding randomly in those blocks. We thus decided to exclude this participant's data from the analysis. In the remaining data, response times shorter than 200 ms (and as short as 4 ms) only occurred in three blocks toward the end of Session 2 in Participant BB, accompanied by an increase in error rates. We therefore applied a filter to the Target-ID data to detect all trials with incorrect responses and response times faster than 200 ms or slower than 1 s. Blocks containing more than 12 such trials (3 blocks for Participant BB) were excluded from the analysis. Not counting data from the excluded participant, we excluded 8% of all trials because of incorrect responses, and 0.5% of the remaining trials for extreme response times. No filter was applied to Prime-ID data.
Because of the marked differences between participants, we performed a two-stage analysis. In a first step, we analyzed each participant separately employing the General Linear Model (GLM). This analysis provides a powerful test of whether a participant's performance in the prime-identification task deviates from chance. In a second step, we classified participants into those with little or no ability to identify the prime and those whose prime identification performance increased with SOA, and analyzed their performance in the target-identification task with mixed-models analysis of variance (ANOVA). For error rates, we applied an arcsine transformation to conform to ANOVA requirements. All p values are reported with Greenhouse-Geisser correction. Prime detection performance was measured by means of signal detection theory (Macmillan & Creelman, 1991) . Hits and false alarms were arbitrarily defined as correct and incorrect "left" responses, respectively, while correct rejections and misses were defined as correct and incorrect "right" responses.
Results
Figure 3 illustrates Prime-ID performance (measured as percentage of correct responses) and response priming effects (measured as the difference between response times in incongruent and con- Note that the line width used for illustration purposes is larger than that of the actual experimental stimuli, in which the inducers were merely one pixel wide. gruent trials) in direct comparison for each participant. From inspection of the Prime-ID data it is obvious that subjects fell into two groups. One group could identify the primes hardly (Participant CC) or not at all (Participants BB, FF, and GG), regardless of SOA and masking condition, whereas in the other group (Participants AA, DD, and EE), prime identification performance increased strongly with SOA.
Following the two-step analysis outlined above, we first analyzed each participant's Prime-ID performance separately employing the GLM. For each participant, a full-factorial ANOVA model with factors of masking, consistency, and SOA was estimated by maximum-likelihood methods. This analysis yielded a Wald-type 2 test for each main effect and interaction. Note that this analysis focuses on one person's behavior in every single trial and generalizes only to further behavior of this specific person. In a second step, we classified participants into those with little or no ability to identify the prime (Participants BB, CC, FF, and GG) and those whose Prime-ID performance increased with SOA (Participants AA, DD, and EE), and analyzed their performance with mixedmodels analysis of variance (see Figure 3) . Note that this second analysis would generalize to the behavior of further participants.
Prime versus Target ID, individual analyses. Four participants (BB, CC, FF, and GG) showed low Prime-ID performance that varied little over SOA (all 2 (3) Յ 6.92, all p Ն .074). None of them performed better than chance (all 2 (3) Յ 3.03, all p Ն .082), with the exception of CC, who performed significantly above chance ( 2 (3) ϭ 14.73, p Ͻ .001-about 54% correct, which still indicates low performance). In those participants, there was no effect of masking (i.e., prime identification was unaffected by whether or not the target was preceded by a pattern mask) and no interactions. Regarding response time effects, three of these four participants responded faster in consistent trials than in inconsistent trials (4.05 Ն 2 (1) Ն 125.61, all .001 Ͻ p Յ .044), and this priming effect increased with SOA (8.53 Ն 2 (3) Ն 48.18, all .001 Ͻ p Յ .036). Furthermore, they all performed slightly slower (by about 10 ms) when the prime was masked (all 2 (1) Ն 7.10, all p Ͻ .008). All other main effects and interactions were nonsignificant. Only one of the four participants (BB) did not show any consistent priming effects at all, neither as a main effect of consistency nor as an interaction of consistency and SOA.
In marked contrast to those four participants, the three remaining participants (AA, DD, and EE) showed a marked increase in prime identification performance with increasing SOA (all 2 (3) Ն 126.56, all p Ͻ .001). Averaged over all conditions, all of them performed better than chance (all 2 (1) Ն 286.38, all p Ͻ .001). Two of these participants, DD and EE, showed better prime identification performance when the prime was unmasked ( 2 (1) ϭ 16.51 and 15.34, respectively, both p Ͻ .001). All other main effects and interactions were nonsignificant. Regarding response time effects, both Participants DD and EE responded faster in consistent trials than in inconsistent trials ( 2 (1) ϭ 125.61 and 91.96, both p Ͻ .001), and this priming effect increased with SOA ( 2 (3) ϭ 57.01 and 74.44, both p Ͻ .001). Both participants performed faster when the prime was unmasked ( 2 (1) ϭ 27.36 and 9.97, both p Ͻ .002). In Participant AA, there were no significant response time effects of any kind despite the fact that the prime was identified accurately in most conditions. Target ID, group-level analysis.
Mixed-model ANOVA with factors of masking, consistency, and SOA as within-subject factors and participant type (continually low vs. increasing Prime-ID performance) as between-subjects factor confirmed that response times in inconsistent trials were longer than those in consistent trials, F(1, 5) ϭ 14.88, p ϭ .012 and that this priming effect increased with SOA, F(3, 15) ϭ 18.98, p ϭ .001. In addition, response times in the masked conditions were slightly longer than in the unmasked condition, F(1, 5) ϭ 51.13, p ϭ .001. There was a tendency for participants with increasing Prime-ID performance to show larger priming effects, but it was not significant, F(3, 15) ϭ 2.90, p ϭ .088. All other main effects or interactions were insignificant.
Similar effects were observed in the error rates. More errors occurred in inconsistent than in consistent trials, F(1, 5) ϭ 15.36, p ϭ .011. This priming effect increased with SOA, F(3, 15) ϭ 17.54, p ϭ .001, and because the error rates remained flat in 
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consistent trials but increased with SOA in inconsistent trials, there was a net increase of error rates with SOA, F(3, 15) ϭ 4.61, p ϭ .045. All other main effects or interactions were insignificant. In short, this analysis confirmed strong effects of response priming, but revealed no systematic differences between participants with different Prime-ID performance. Group-level data are illustrated in Figure 4 .
Analysis of response time distributions. If priming effects develop as predicted by the rapid-chase model and depend on sequential visuomotor feedforward activation by primes and targets, they should be fully present even in the fastest responses. To investigate this, we sorted response times, separately for each participant and condition, and determined the response times for 5% bins ranging from 20% to 80% (see Figure  5 ). Extreme percentiles were excluded from the analysis because they are most likely to be distorted by outliers that our filtering procedure may have missed. We then computed, separately for each subject, masking condition, and SOA, the priming effects for each percentile by subtracting the response time on congruent trials from that on incongruent trials. The priming effects for all percentiles were then subjected to a repeated-measures ANOVA with factors of masking, SOA, and percentile. Since main effects of masking and SOA have already been discussed above, we will focus on the results regarding the influence of percentile here. The analysis revealed a main effect of percentile, F(12, 72) ϭ 4.41, p ϭ .020, which displayed a significant linear trend, F(1, 6) ϭ 9.10, p ϭ .023, indicating that priming effects were largest in the fastest responses.
Discussion
Experiment 1 demonstrates that IC stimuli can induce robust response priming effects that occur even in the fastest responses and are unrelated to participants' level of awareness of the prime. Of the four participants showing little or no evidence of prime identification ability, three had response priming effects in the same range as those participants who were well able to identify the primes. Those participants demonstrate priming without awareness of the prime. Conversely, of the three participants who could clearly identify the prime, one showed no priming effects at all. Therefore, it must be concluded that the ability to identify an illusory-contour prime is neither necessary nor sufficient for response priming effects to occur. Rather, our data confirm earlier observations that prime identification performance is independent of visual masking of the prime (Vorberg et al., 2003; Mattler, 2003; Albrecht et al., 2010) . The finding that response priming works with IC stimuli and can be dissociated from conscious perception of the IC indicates that conscious perception is not required for IC computation. This finding is consistent with a recent study by Barlasov-Ioffe and Hochstein (2009), who demonstrated that Kanizsa figures inducing the same shape as two luminance-defined targets were able to speed up same-different judgments about the targets (primed matching paradigm, see Beller, 1971) , even if the inducers were presented in a way that precluded conscious perception of ICs.
Experiment 2
While Experiment 1 demonstrated that response priming with IC stimuli works and is independent of whether the prime is consciously perceived, it is not yet clear how the observed priming effects compare to those evoked by real contour stimuli. In Experiment 2, we thus used a completely crossed design to directly compare the processing dynamics of illusory and real-contour primes on the processing of illusory as well as real-contour targets.
Method
Participants. Six students from the University of Giessen (age 23 to 30, two male, one left-handed, all with normal or corrected vision) participated for payment after giving informed consent.
Apparatus. The apparatus was identical to the one described for Experiment 1 in all relevant aspects.
Stimuli and general procedure. Primes as well as targets were rectangular frames (10.1 ϫ 5.8 cm) containing a diagonal illusory or real-contour line with upward or downward slope. The IC was induced by vertical lines that were offset where crossed by the contour; the real-contour stimuli were identical except that an actual diagonal contour line was added (see Figure 6 ). Stimuli were centered either 37 mm above or below the central fixation Figure 4 . Prime ID and priming effects at group level, Experiment 1. Prime ID (top), priming effects reflected in faster response times for consistent than for inconsistent trials (middle), and priming effects reflected in lower error rates for consistent than for inconsistent trials (bottom). Error bars indicate standard errors of the means, corrected for intersubject main effects (Cousineau, 2005) . 6 SEYDELL-GREENWALD AND SCHMIDT point, randomly chosen on each trial. The time course of stimulus presentations was as in Experiment 1. In consistent trials, the orientation of the diagonal (real or illusory) lines in prime and target were the same; in inconsistent trials, the line in the prime went upward but that in the target went downward (or vice versa).
Participants completed four 1-hr sessions, each containing 20 blocks of 64 trials comprising all combinations of prime shape (upward or downward slope), prime type (illusory or real contour), target shape, SOA, and stimulus position (above or below fixation) in randomized order. Blocks with illusory and real-contour targets alternated. As in Experiment 1, the first two sessions were dedicated to the Target-ID task, and the last two sessions were for Prime ID. Two different Prime-ID tasks were employed. In Session 3, stimuli were identical to those in the Target-ID sessions. In Session 4, the pattern mask was presented without a subsequent target stimulus. This task was introduced because participants in a pilot study had reported that they were able to guess the prime's shape from perceptible changes in the stimulus when the target was present. Because contrary to these subjective reports the primes actually turned out to be more visible when the target was omitted, results from this task are not reported here.
Data treatment and statistical methods. Data treatment proceeded as in Experiment 1, with exception of the filter applied to the Target-ID data. Since none of the participants in Experiment 2 displayed stretches of implausibly fast responses or increased error rates at any point during the experiment, we only excluded response times more than three standard deviations above or below the individual mean (1.4%) as well as incorrect responses (4.6% of the remaining data) from further analysis. The data were then analyzed across all participants using mixed-models ANOVAs as described below.
Results
Prime ID. Sensitivity to prime shape in the Prime-ID task was significantly above chance at each except the shortest SOA for illusory-contour primes, and at all SOAs for real-contour primes (see Table 1 ). ANOVA on the arcsine-transformed accuracy rates indicated that illusory-contour primes were harder to identify than real-contour primes, F(1, 5) ϭ 11.36, p ϭ .02, and that identification rates for both contour types tended to increase with SOA, F(3, 15) ϭ 2.71, p ϭ .082. 
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Target ID. For each combination of prime type (illusory or real) and target type, we performed a two-way repeated-measures ANOVA of the response times in the Target-ID task, with factors of prime-target consistency and SOA. There were strong and significant priming effects for all combinations of prime and target type (see Figure 7) . As in Experiment 1, there was a significant priming effect for IC primes on IC targets ("illusory primes illusory," see Figure 7 , top left), F(1, 5) ϭ 2,328.00, p Ͻ .001, and this priming effect increased with SOA, F(3, 15) ϭ 12.11, p ϭ .002, following a linear trend, F(1, 5) ϭ 24.188, p ϭ .004. A similar pattern emerged when illusory-contour primes were followed by real-contour targets ("illusory primes real," see Figure 7 , top right): Again, there was a significant priming effect, F(1, 5) ϭ 70.59, p Ͻ .001, which increased with SOA, F(3, 15) ϭ 26.26, p Ͻ .001 and followed a linear trend, F(1, 5) ϭ 56.45, p ϭ .001. For real-contour primes on real-contour targets ("real primes real," see Figure 7 , bottom right, there was also a significant effect of consistency, F(1, 5) ϭ 211.64, p Ͻ .001, but this priming effect did not increase significantly with SOA, mainly because it was already large at the shortest SOA. In all three of these conditions, response times decreased with SOA (F(3, 15) ϭ 6.48, 14.03, and 12.304, respectively, all p Յ .008).
An unexpected pattern was observed when real contours primed illusory-contour targets ("real primes illusory," see Figure 7 , bottom left). Even though the primes had a strong influence on responses to the targets, there was no main effect of the consistency factor, F(1, 5) ϭ 0.88, p ϭ .391 but only a significant interaction of consistency and SOA(F(3, 15) ϭ 12.70, p ϭ .003), which followed a linear trend, F(1, 5) ϭ 18.73, p ϭ .008. As can be seen in the figure, the priming effect started positive at the shortest SOA, but then decreased and finally reversed with increasing SOA. Post hoc analyses showed that the priming effect was significantly positive at the 35-ms SOA, F(1, 5) ϭ 26.75, p ϭ .004, nonsignificant at the 54-ms SOA, and significantly negative starting at the 82-ms SOA, F(1, 5) ϭ 8.08, p ϭ .036.
Error rates followed a pattern similar to the response times, with low error rates in consistent trials but error rates increasing with SOA in inconsistent trials for all conditions except "real primes illusory," implying that primes could be processed to the level of response activation. As with response times, a reversal of the priming effect was observed for "real primes illusory." However, repeated-measures ANOVAs with factors of consistency and SOA revealed a significant main effect of consistency for the "illusory primes illusory" condition only, F(1, 5) ϭ 14.64, p ϭ .012, and no further main effects or interactions.
To directly compare priming effects of real-contour primes on real-contour targets with those of IC primes on IC targets, we computed a three-way repeated measures ANOVA on the response times with factors of consistency, stimulus type, and SOA. It confirmed a significant consistency effect, F(1, 5) ϭ 660.73, p Ͻ .001 that increased with SOA, F(3, 15) ϭ 9.82, p ϭ .008 following a linear trend, F(1, 5) ϭ 16.20, p ϭ .010. Responses in the illusory-contour condition were overall slower than those in the real-contour condition, F(1, 5) ϭ 26.28, p ϭ .004, but the priming effects on average did not differ significantly for illusory and real contours, as indicated by a nonsignificant interaction of contour type and consistency, F(1, 5) ϭ 3.65, p ϭ .114. There was, however, a significant three-way interaction between the factors, F(3, 15) ϭ 5.59, p ϭ .026, indicating that the time course of priming differed between the illusory and the real-contour condition.
Analysis of response time distributions.
To investigate whether the priming effect differed for fast and slow responses, we performed a percentile analysis as described for Experiment 1, separately for each participant, SOA, and condition (see Figure 8) . ANOVAs with factors of SOA and percentile were performed separately for each condition. As above, we will focus here on the effect of factor percentile on the priming effects. There were no significant main effects of percentile for either "illusory primes illusory," F(12, 60) ϭ 0.407, p ϭ .680 or "illusory primes real," F(12, 60) ϭ 2.637, p ϭ .109. For the "real primes real" condition, priming effects decreased with increasing percentile, F(12, 60) ϭ 10.360, p ϭ .011. In sum, those three conditions show clearly that the response priming effect was fully present in the fastest responses, consistent with rapid-chase theory. The "real primes illusory" condition must be interpreted separately because of the reversing priming effects. Overall, priming effects decreased with increasing response time, F(12, 60) ϭ 38.011, p Ͻ .001, with priming effects turning negative at the longer SOAs (Figure 8, lowest panel) . While the positive priming effects were largest for the fastest responses, just as in the remaining conditions, reverse priming effects occurred mainly in the slowest responses-in the fastest responses, there was no sign of a reversal.
Discussion
Experiment 2 employed a completely crossed design to look at the effects of illusory and real-contour primes on the responses to both illusory and real-contour targets in direct comparison. We found that the priming effects for illusory-contour primes on illusory-contour targets were about as large as those for realcontour primes on real-contour targets at all except the shortest SOA. It is noteworthy that these priming effects were similar in magnitude despite substantial differences in identification performance for illusory and real-contour primes. Moreover, we also found that IC primes were able to prime responses to real-contour targets.
Responses to real-contour targets were markedly faster than those to illusory-contour targets. This observation is in line with other studies indicating slower processing of ICs than of RCs (Gegenfurtner, Brown, & Rieger, 1997; Mihaylova & Manahilov, 2010) , and might be taken as evidence that ICs require more extensive and possibly recurrent processing. However, the observation that priming effects were fully present in the fastest motor responses argues against this notion, because the occurrence of a priming effect requires complete processing of the IC prime before the RC target finishes activation of the most rapid responses. Rather, the faster responses to RC compared to IC targets indicate differences in feedforward processing; for example, different processing rates. Note that such a difference in processing rates would not necessarily predict different priming effects; even though a rapid chase between IC stimuli might be slower than a rapid chase between RC stimuli, the relative positions of prime and target throughout the race, and thus the resulting priming effects, can remain the same.
Priming effects were also observed for real-contour primes on illusory-contour targets. However, the time course of this effect was surprising: The effect started out positive, with faster responses for consistent than for inconsistent primes, but decreased and finally turned negative at longer SOAs. A post hoc explanation consistent with existing literature is that the reverse priming effect at long prime-target SOAs reflects a negative compatibility effect (NCE; Eimer & Schlaghecken, 1998) , which also consists of a pattern of positive priming at shorter SOAs and reverse priming at longer SOAs (usually above 100 ms). There is still debate about the causes of the NCE and about the conditions under which it occurs (e.g., Schlaghecken & Eimer, 2006; Verleger, Jaśkowski, Aydemir, van der Lubbe, & Groen, 2004; see Sumner, 2007 , for a review), but it seems that the NCE occurs earlier when the prime stimulus becomes stronger. This has been shown for prime strength modulated by stimulus size or eccentricity (Lingnau & Vorberg, 2005) as well as by visual attention (Sumner, Tsai, Yu, & Nachev, 2006) . Our finding that RCs are processed faster than ICs might thus help explain the priming effect's surprising reversal at comparatively low SOAs. However, the mechanisms behind the NCE effect are currently not well understood, and additional evidence will be needed to backup this explanation.
The stimuli employed here make it unlikely that participants based their responses on the inducers rather than on the ICs themselves. If participants had responded to the inducers, it should not have mattered whether a target stimulus was preceded by an RC or an IC prime, because the inducing lines are identical in both cases. However, Figure 7 clearly shows that this was not the case. First, for real-contour targets the priming effect at short SOAs was much larger for RC primes than for IC primes. Second, for IC targets the time course of priming is qualitatively different for RC and IC primes, with a monotonically increasing priming effect for IC primes but a reversing effect for RC primes. Finally, note that priming effects qualitatively differed between conditions even though identification performance steadily increased in all conditions. 
RESPONSE ACTIVATION BY ILLUSORY CONTOURS
Experiment 3
While, as argued above, the results of Experiment 2 were unlikely to arise if participants responded to the inducers rather than the ICs, the stimuli used nevertheless have the potential problem that whenever the IC is consistent, the inducers are identical for prime and target, and whenever the IC is inconsistent, they differ. It could thus be argued that inducer similarity may account for at least part of the observed priming effects. To test this, we designed Experiment 3 to manipulate the consistency of ICs and inducers independently.
Method
Participants. Eight students from the University of Kaiserslautern (age 20 to 24, two male, one left-handed, all with normal or corrected vision) participated for payment after giving informed consent.
Apparatus. The apparatus was identical to the one described for Experiment 1.
Stimuli and general procedure. Primes as well as targets were square frames (3.8 ϫ 3.8 cm) containing a diagonal IC with upward or downward slope, presented at screen center. Each IC was induced by either horizontal or vertical lines that were offset where crossed by the contour ( Figure 9A ). Stimulus timing and trial time course were as in Experiments 1 and 2, with the exception that in Experiment 3 there was no pattern mask immediately prior to the target ( Figure 9B ).
We employed two target identification tasks. In the IC task, participants indicated whether the IC had an upward or downward slope (regardless of the orientation of the inducers). In the inducer task, they indicated whether the inducers were horizontal or vertical (regardless of the direction of the IC). In both tasks, participants responded as fast and accurately as possible using the "left arrow" and "right arrow" keys on the computer keyboard. All 64 combinations of prime shape (upward or downward slope of IC), prime inducer orientation (horizontal or vertical), target shape, target inducer orientation, and SOA were realized once per block, and each participant completed two 20-block sessions of each task in counterbalanced order. Because IC and inducer orientation were varied independently, primes and targets could agree on either stimulus dimension independently of the other. To avoid confusion, we will reserve the term consistency for the task-relevant stimulus dimension, while using the term switch when referring to the task-irrelevant stimulus dimension. For example, if subjects are responding to IC orientation (IC task), prime IC orientation can be consistent or inconsistent with target IC orientation, while inducer orientation can stay or switch between prime and target. Conversely, when responding to the same stimuli in the inducer task, inducer orientation would be consistent or inconsistent, whereas IC orientation would stay or switch between prime and target. 
Data treatment and statistical methods.
Data treatment proceeded as in Experiment 2. Response times more than three standard deviations above or below the individual mean (1.0%) as well as incorrect responses (8.4% of the remaining data) were excluded from analysis.
Results
We performed a repeated-measures ANOVA for each task (IC task and inducer task) including factors of prime-target SOA, consistency (with respect to the response-relevant stimulus dimension, i.e., ICs in the IC task and inducers in the inducer task) and switch (agreement of prime and target in the irrelevant stimulus dimension). An additional planned contrast showed that response times in both tasks were not significantly different, F(1, 7) Ͻ 1. In both tasks, there were strong and significant priming effects that were largely independent of the respective irrelevant stimulus dimension (see Figure 10) . IC task. In the IC task, there was a significant main effect of IC consistency, F(1, 7) ϭ 75.45, p Ͻ .001, indicating that responses were slower in IC-inconsistent than in IC-consistent trials. This priming effect increased with SOA, as indicated by an interaction of IC consistency with SOA, F(3, 21) ϭ 47.86, p Ͻ .001, which followed a linear trend, F(1, 7) ϭ 30.74, p ϭ .001. The only other significant effect was a main effect of switch in the inducers, F(1, 7) ϭ 9.75, p ϭ .017, indicating slightly faster responses when inducer orientation remained the same between prime and target presentations. Error rates followed a similar pattern as the response times, with more errors in inconsistent than in consistent trials, F(1, 7) ϭ 64.13, p Ͻ .001. This priming effect in error rates increased with SOA, F(3, 21) ϭ 27.35, p Ͻ .001, and because error rates remained flat in consistent trials but increased in inconsistent trials, there was also a main effect of SOA, F(3, 21) ϭ 15.62, p Ͻ .001. In addition, the priming effect in error rates was slightly larger when the inducers stayed than when they switched, F(3, 21) ϭ 25.92, p ϭ .001.
Inducer task. The data pattern in the inducer task was very similar. There was a significant main effect of inducer consistency, F(1, 7) ϭ 117.05, p Ͻ .001, indicating that responses were slower in inducer-inconsistent than in inducer-consistent trials. This priming effect increased with SOA, as indicated by an interaction of inducer consistency with SOA, F(3, 21) ϭ 22.05, p Ͻ .001, which followed a linear trend, F(1, 7) ϭ 67.57, p Ͻ .001. The only other significant effect was an interaction of IC switch and SOA, F(3, 21) ϭ 4.55, p ϭ .036, indicating that response times decreased with increasing SOA when ICs stayed but not when they switched. In the error rates, there were significant main effects of consistency, F(1, 7) ϭ 21.60, p ϭ .002 and SOA, F(3, 21) ϭ 4.12, p ϭ .047, and a consistency by SOA interaction which indicated an increase in priming with SOA, F(3, 21) ϭ 9.85, p ϭ .004. No other main effects or interactions reached significance.
Analysis of response time distributions. Response priming effects were computed for the 20th through 80th percentile of response times, separately for each participant, task, and SOA. Repeated-measures ANOVAs performed separately for the two tasks (with factors of SOA, switch, and percentile) showed no main effect of factor "percentile" (both F(12, 84) Յ 0.356, both p Ն .600), indicating that the response priming effect did not differ between fast and slow responses. Figure 11 illustrates the response priming effects for the longest SOA and shows that they remain unchanged over different percentiles. It also shows that for the IC task, the response priming effects were somewhat stronger when the inducers did not change between prime and target, which was confirmed statistically by a main effect of factor "switch," F(1, 7) ϭ 7.713, p ϭ .027.
Discussion
Experiment 3 establishes two basic facts. First, illusory contours can be just as effective at driving fast motor responses as real contours, as evidenced by the fact that priming effects for the IC task and the inducer task are very similar. Second, the experiment clearly rules out the possibility that participants based their responses on inducers rather than on illusory contours in the IC task, as evidenced by the fact that the priming effects in the IC task were only minimally affected by inducer consistency (Figures 10 and  11) , and clearly present even if inducers were inconsistent. If priming were attributable to the inducers only, one would have expected significantly faster responses in the "inducers stay" than in the "inducers switch" condition, but no significant differences between the "IC consistent" and "IC inconsistent" conditions. On the other hand, if both the task-relevant and the task-irrelevant dimension had equally strong influences on priming, one would have expected the fastest responses in the double-consistent case (IC consistent, inducers stay), and the slowest in the doubleinconsistent case (IC inconsistent, inducers switch), with the remaining cases in between. Neither of these two patterns is present in the IC task data.
Instead, it is clearly the case that the response-relevant stimulus dimension determines the priming effect while the responseirrelevant dimension is largely without influence. Mutual independence of relevant and irrelevant stimulus dimensions in response priming were first demonstrated by Heinecke (2000) and recently reestablished by Tapia, Breitmeyer, and Shooner (2010) . It is consistent with Kiesel, Kunde, and Hoffmann's (2007) actiontrigger account of response priming, which states that response activation by prime stimuli only occurs when the prime meets preestablished, task-specific trigger conditions for response elicitation.
General Discussion
The experiments reported here show that response priming by illusory contours is similar to response priming by real ones. In line with previous findings (Barlasov-Ioffe & Hochstein, 2009 ), our data demonstrate processing of IC primes independent of visual awareness: Priming effects are similar in time course and magnitude irrespective of whether participants are able to identify the prime. This finding strongly contradicts the hypothesis that the extraction of illusory contours requires extensive cognitive processing or hypothesis testing (Gregory, 1972; Kanizsa, 1955 Kanizsa, , 1979 Reynolds, 1981; Rock & Anson, 1979) , because these should be impaired when the prime is inaccessible to visual awareness. In fact, it seems unlikely that a "cognitive solution" for the prime stimulus would be attempted at all, given that participants could safely ignore the nonpredictive prime. Based on rapid response activation by IC primes, fully present priming effects in the fastest responses, and dissociations between priming and prime visibility, we believe that the observed priming effect does not reflect extensive cognitive processing or decision making, but rather automatic triggering of the motor responses associated with the IC primes.
Our data indicate that response activation by illusory contours is rapid enough to meet the criteria of the rapid-chase theory of response priming . One important prediction of that theory is that responses should at first be controlled exclusively by the prime, independent of all properties of the actual target; therefore, the priming effect must be fully present in the fastest responses of the response time distribution. This criterion is met in all experiments reported here (except, of course, for the cases of reverse priming effects in Experiment 2). Note that the rapid-chase model does not suppose that the initial processing waves are strictly feedback-free; some recurrent processing is admitted as long as it does not preclude strictly sequential response control by primes and targets. For that reason, our data are consistent with the notion that IC computation requires quick feedback between visual areas (e.g., from V2 to V1) or via horizontal connections within areas (e.g., Grossberg & Williamson, 2001; however, see Heitger, von der Heydt, & Kübler, 1994 , for a feedback-free model of IC computing). They are, however, inconsistent with the idea that this feedback takes a long time or requires a "cognitive solution." Nevertheless, our findings suggest that illusory and real contours may have slightly different time courses of processing, as indicated by the slower RTs for IC targets and the data patterns for "illusory primes real" and "real primes illusory" in Experiment 2, as well as the fact that in Experiment 3, inducer consistency slightly enlarged the IC priming effect, whereas IC consistency did not further enlarge the inducer priming effect. Taken together, these findings suggest that illusory contours have lower signal strength than real ones, maybe because they are based on the responses of a smaller subset of neurons . Differences in signal strength (and thus processing speed) between primes and targets would be expected to lead to characteristic shifts in the time course of the priming effect (Lingnau & Vorberg, 2005; Sumner et al., 2006) , which would be especially pronounced if a weak IC stimulus primes a strong RC stimulus (delaying the time course) or vice versa (advancing the time course). In our opinion, however, the overall similarities of the processing characteristics of IC and RC stimuli (time course of priming, dissociation from visual awareness, conformity with rapid-chase processing) far outweigh the differences.
To conclude, our results provide behavioral evidence in favor of rapid motor activation by ICs that takes place even when conscious perception is very limited, 1 and which does not require extensive, time-consuming recurrent processing, let alone cognitive processes like decision making or problem solving. In light of our results, it becomes easier to understand why studies relying on conscious perceptual judgments often reached such different conclusions about the dynamics of IC processing than studies relying on measures independent of awareness. Generally, we advocate a fundamental distinction between "slow psychophysics," where participants report the final outcome of processing in visual awareness, and "fast psychophysics," which are based on reaction time (RT) measures or other indicators of processing speed. Traditionally, both types of measures have been used to tackle similar problems, but they will not necessarily lead to consistent results. We suggest that this is the reason why masking studies of IC processing often came to the conclusion that ICs require extensive and time-consuming processing (Gregory, 1972; Harris et al., 2011; Ringach & Shapley, 1996; Rock & Anson, 1979) , whereas visual search studies indicated that ICs were processed preattentively (Davis & Driver, 1994; Gurnsey, Humphrey, & Kapitan, 1992) , and single-cell studies even found cells in the early visual system that responded selectively and at extremely short latencies to ICs (Grosof et al., 1993; Ramsden et al., 2001; Sheth et al., 1996; von der Heydt et al., 1984) . Being aware of the potential qualitative differences between traditional slow psychophysics and fast motor measures of processing holds great promise not only for resolving seemingly conflicting results, but also for discovering qualitative differences between conscious and unconscious visual processing.
1 Note that even above-chance Prime-ID performance does not necessarily indicate that participants consciously perceived the IC. Even these responses may, partly or completely, rely on unconscious processes that leave participants feeling that they are only guessing, the same way blindsight patients feel when correctly pointing at the location of a stimulus they do not see (Sanders, Warrington, Marshall, & Weiskrantz, 1974; Stoerig & Cowey, 1997; Weiskrantz, 2004) . In general, any measure of prime identification must be assumed to be jointly influenced by conscious and unconscious processes (Reingold & Merikle, 1988; Schmidt & Vorberg, 2006) .
